We measured the heterozygous effects on net fitness of a sample of 12 wild-type third chromosomes in D. melanogaster. Effects on fitness were assessed by competing the wild-type chromosomes against balancer chromosomes, to prevent the production of recombinants. The measurements were carried out in the population cage environment in which the life history had been evolving, in an undisturbed population with overlapping generations, and replicated measurements were made on each chromosome to control for confounding effects such as mutation accumulation. We found significant variation among the wild type chromosomes in their additive genetic effect on net fitness. The system provides an opportunity to obtain an accurate estimate of the distribution of heterozygous effects on net fitness, the contribution of different fitness components including male mating success, and the role of intra-chromosomal epistasis in fitness variation.
INTRODUCTION
The extent of heritable variation in net fitness determines the response to natural selection, and is crucial for theories of the evolution of sex that rely on short-term benefits (Williams 1975 ; Maynard Smith 1978) . In addition, ' good genes ' models of sexual selection require that total fitness should be heritable, and that both male mating success and another component of fitness, such as viability, should contribute to this heritability (Partridge 1983 ; Charlesworth 1987 ; Kirkpatrick & Ryan 1991 ; Burt 1995) . There are some theoretical objections to the idea of continuing fitness heritability (Williams 1975 ; Maynard Smith 1978) and no estimates of the genetic variance of net fitness are available ; earlier studies have examined only partial measures of fitness, homozygous effects of chromosomes, or have used an environment other than that in which the life history evolved (Bundgaard & Christiansen 1972 ; Partridge 1980 ; Brittnacher 1981 ; Haymer & Hartl 1981 , 1982 Curtsinger 1990 ; Norris 1993 ; Petrie 1994) . Partial measures of fitness are a problem because different components of fitness are often negatively genetically correlated Partridge & Fowler 1992 , 1993 , while an increase in homozygosity will reveal deleterious effects of recessive alleles that would rarely be expressed in nature (Rose 1984 b) , and a novel environment can induce directional selection (Service & Rose 1985 ). An adequate approach to the issue requires examination of natural genetic effects on the whole of the life history, under the conditions in which it has evolved, without inducing inbreeding, and where environmental effects and parental provisioning of young do not confound genotypic effects.
We have attempted to detect additive genetic variation for net fitness by isolating the effects of a single chromosome (the third, which accounts for about 44 % of the genome) in D. melanogaster. In this species, balancer chromosomes can be used to measure the effects of intact wild-type chromosomes. Each balancer carries inversions that suppress recombination, and a dominant marker that is also recessive lethal. In several studies, the fitness of wild-type homozygotes, relative to heterozygotes, has been measured by competing a series of wild-type chromosomes against a balancer in population cages ; the equilibrium frequency reflects the relative fitnesses (Sved 1971 (Sved , 1975 Wilton & Sved 1979) . We extended this technique to measure heterozygous effects, relative to a standard genotype. This was done by competing each wild-type chromosome against a pair of balancers, M1 and M2 (Lindsley & Zimm 1992) . To avoid complications from the presence of wild-type homozygotes of variable fitness, we chose wild-type chromosomes that carried a recessive lethal, so that only the three heterozygous genotypes could segregate amongst adults. Since individual recessive lethals have only slight heterozygous effects on fitness (about 2 % (Simmons & Crow 1977) , choosing chromosomes that happen to carry recessive lethals is unlikely to have any significant effect on the mean or variance of our fitness measure).
If the three heterozygous genotypes settled to an equilibrium, maintained by heterozygote advantage, then their relative frequencies would reflect their relative fitnesses. However, a pilot study had shown that the fitnesses of the three viable genotypes ranked as M2\j M1\j M1\ M2, and that these fitnesses differed enough that cages tended to lose the M1 chromosome, rather than settling to a balanced polymorphism. We therefore measured the rate at which the M2 chromosome increased after a small sample of M2\j flies were introduced into cages containing only M1\j, at their carrying capacity. The standard reference M1\ M2 genotype arose in every experimental population cage ; it should become established more rapidly and remain present for longer if the wild-type chromosome in that cage is of low fitness.
We examined the effects on net fitness of a sample of 12 third chromosomes extracted from the Dahomey base stock ; each chromosome was measured in two replicate cages. The Dahomey stock has been held in population cages since 1970, some 480 fly generations, with overlapping generations and at its carrying capacity. Fitness measurements were made in cages maintained under the same regime, which can be regarded as natural conditions for this population : adaptation to laboratory culture is rapid (Briscoe et al. 1992 ; Frankham & Loebel 1992 ; Latter & Mulley 1995) . Our results revealed strong and replicable effects of each wild-type chromosome, and indicated significant heritable variance in fitness.
MATERIALS AND METHODS
Stocks and cages were maintained at 25 mC on a 12 h : 12 h light : dark cycle. Cages held 12 pots of sugar-yeast food medium replaced on a 4 week cycle. The Dahomey stock is of M cytotype. Third chromosomes were extracted from it using an M balancer stock M1\ M2. M1 and M2 carry multiple inversions which suppress recombination ; M1 is marked with MoireT e e (Me) and M2 with Ultrabithorax (Ubx) (Lindsley & Zimm 1992) . The X and second chromosomes in the balancer stock were derived from Dahomey base stock. The balancer stock was regularly backcrossed to the Dahomey base stock, and was maintained as a very large (several thousand) population to ensure a normally diverse genetic background. Of the 150 third chromosomes we extracted, 30 were carrying at least one recessive lethal allele (similar to the frequency in nature (Simmons & Crow 1977) ). We measured the effects on net fitness of a random sample of 12 of these. For each replicate experimental chromosome, we set up two population cages of pure M1\jgenotype and two of M2\jgenotype. This replication controls for accumulation of new mutations on the j chromosome, for the effects of any recombination with the balancers and for genetic drift. Numbers in the cages reached their carrying capacity after around 8-9 weeks.
We took egg samples from each of the M2\j cages by allowing adults to lay in eight vials, which were then cultured at low larval density. Adults were collected as virgins from these cultures and a group of 20 males and 20 females was added to each of the corresponding M1\j cages. The M2\j flies were introduced simultaneously into all 24 experimental cages. We monitored the subsequent change of genotypic frequencies. On three days of each week after the day of invasion, we obtained a sample of eggs from each cage by placing two pots of food medium in the cage for 1-2 h, and reared the egg samples at low larval density to minimize larval mortality. We ran the experiment for 43 weeks after the day of invasion. A total of more than 1.2i10' flies were counted and classified by genotype during the course of the experiment.
To estimate genotypic fitnesses from these data, we fitted a model by maximum likelihood, assuming random mating, discrete generations and constant fitnesses. Selection acted on viability differences among the three heterozygous genotypes, and was assumed to be the same for males and females. Fertility selection would be equivalent, provided there were no non-multiplicative interactions between the values for males and females (i.e. provided the relative fertility of males did not depend upon the genotype of the female and vice versa). The recursion for the frequency of the j chromosome is :
The equations for the frequencies of the balancer chromosomes are similar. The parameters fitted were the initial frequency of M2 ( p ! ), the relative fitnesses (W TM"/+ \W TM"/TM# and W TM#/+ \W TM"/TM# ), and the relative viabilities in the sample vials (V TM"/+ \V TM"/TM# and V TM#/+ \V TM"/TM# ). (These viabilities can be estimated from the proportions emerging from the vials, since at the initial and final stages of the invasion, the two genotypes carrying the rarest chromosome are at equal proportions in zygotes.)
The likelihood of each parameter combination was calculated by comparing the observed numbers of the three genotypes with the theoretical prediction, interpolated from the discrete model ; binomial sampling error was assumed. Twice the difference in log likelihood between this model and a perfect fit, (2 log e (L)) has approximately a χ # distribution. Eighty-nine samples were taken through the experiment, each yielding two degrees of freedom ; we fitted five parameters, and so the residual χ # was associated with ((2i89)k5) l 173 d.f.
Residual deviations from the model were analysed by taking the difference in arcsin transformed frequency ( l 4 arcsin (Np)) between observed and predicted genotype frequencies. The variance of due to sampling is 4\ , where is the number of individuals sampled. These could be compared across cages either by comparing samples at the same time, or at times when the frequency of the relevant genotype was the same. For each method, the overall mean residual deviation (which reflects deviations from the model common to all cages) was subtracted. The correlation between replicate pairs was then calculated, to reveal any residual deviations associated with the 12 chromosome lines. Comparing residuals by the second method is not straightforward : though all samples were taken on the same day, this does not correspond to the same predicted frequency. Comparison was made by taking the average of samples withinp0.1 units of log e (p\q), and then constructing an interpolation function using a cubic spline on this smoothed data set. A logit (i.e. log e (p\q)) scale was used to ensure approximately even spacing of sample points. Line 12 was excluded from all alignments by predicted frequency, because it did not span the same frequency range as the other lines.
In all the statistical analyses, we work with log e (fitness) ; correspondingly, we give arithmetic means of log e (fitness), or geometric means of fitness. We make this choice primarily because we believe that effects are more likely to be multiplicative than additive. A logarithmic scale is also more suited to values which are necessarily positive, and which span a wide range : in principle, the fitness of M1\j and M2\j might be much smaller, or much larger, than the fitness of the standard genotype M1\ M2.
RESULTS
The rates of change in genotypic frequencies were very different among cages containing different j chromosomes, and varied consistently across replicates. The evolution of the three most extreme lines (5, 10, 12) is shown in figure 1 . In line 5, M2 invaded very quickly, and became more frequent than M1 after ca. 60 days ( figure 1 a) . In line 10, M2 invaded much more slowly, and only surpassed M1 after 160 days ( figure 1 b) . In both these extreme cases, the two replicates matched closely. In both replicate cages of line 12, M2 invaded slowly ; in replicate A, it was still increasing exponentially at the end of the experiment, whilst in replicate B, it appeared to level out at a low frequency of ca. 10 % (figure 1 c). Line 12 thus behaved quite differently from all the other lines, in which M1 had declined to low frequency by the end of the experiment. Table 1 summarizes maximum likelihood estimates of the fitnesses in the cages (W TM"/+ , W TM#/+ ), the viabilities in the sample vials (V TM"/+ , V TM#/+ ), and the initial frequency of M2. All fitnesses and viabilities are measured relative to the standard genotype M1\ M2. It is important to realize that the fitness estimates depend on the assumed generation time. Roughly speaking, the observed rates of increase per day can be fitted by assuming small fitness ratios per generation, and a short generation time, or large fitness ratios and a long generation time. The generation time is likely to lie between 15 and 25 days ; we estimated fitnesses for both extremes, and found that in every case the fit was better for a shorter generation time. All our estimates therefore assume a 15 day generation time. This implies that adults reproduce mainly in the first few days of their lives, and that it is mainly the eggs which are first laid into fresh food pots that survive.
Because cage 12 A had not moved beyond the initial phase of exponential increase by the end of the experiment, it was impossible to estimate all five parameters separately for it. We could estimate only the initial rate of increase of M2 from low frequency, which depends on the ratio (W TM#/+ jW TM"/TM# )\ W TM"/+ , and the initial frequency of M2 : these estimates were 1.22 and 0.000 068, respectively. Cage 12 A is excluded from the statistical analysis of fitness variation below. The data for cage 12 B could be fitted by the discrete generation model only by assuming that M1\j had high viability relative to M2\j and M1\ M2 (table 1) . (This is because heterozygote advantage cannot maintain a polymorphism at extreme frequency amongst zygotes ; the low observed frequency of M2 was therefore accounted for by low viability in the sample vials.)
Though the model fitted reasonably well, the fluctuations around the fitted curve were in all cases greater than expected from sampling error (see log e (L) values in table 1, which are associated with 173 d.f.). This model should be seen as an approximation to the actual situation, which involves overlapping generations and age structure, and which would be described by many more parameters. However, we have simulated a model with overlapping generations, in which selection acted on either larval viability, adult longevity or adult fertility. This gave similar trajectories to the discrete model. We consider the residual deviations from the model below. Figure 2 a shows the estimated fitness of M1\j and M2\j for each cage. The two cages with highest wild-type chromosome fitness against both balancers both carried chromosome 10, whilst the two with the lowest fitness against both balancers both carried chromosome 5. The chance that the two highest, and the two lowest, pairs are replicates is 1\(21i19) l 0.25 %. The significance of the variation in fitness effects of the wild-type chromosomes is further supported by the consistency between cages 12 A, 12 B ( figure 1 c) , and by the correlations between fluctuations around the fitted model (see below). Figure 2 b shows the relation between fitness and viability across cages. Fitnesses are those in the cages, whilst viabilities are those in the sample vials ; both are averages across the two balancers ( M1\j and M2\j). The viabilities vary much less than the fitnesses. Excluding line 12, the fitnesses range from 0.68 to 9.38, whereas the viabilities only range from 1.22 to 1.80. (These are averages across M1\j and M2\j, relative to M1\ M2.) There is no correlation between average fitness and average viability (r l 0.001 across 22 cages, excluding line 12), and no significant variation in viability across lines (F "!,## l 0.85, P l 0.59). The viabilities of the M1\j and M2\jgenotypes differed in the same direction as did their net fitnesses, but the difference was slightly smaller : the ratio of geometric mean viabilities was V TM#/+ \V TM"/+ l 1.76\1.17 l 1.51, compared with a ratio of average fitnesses of 3.88\2.26 l 1.72 (excluding line 12). The narrower range of the viabilities may reflect the uncrowded conditions in the sampling vials (Kondrashov & Houle 1994 ) ; indeed, these conditions were chosen so as to minimize differential mortality. Variation in fitness in Drosophila melanogaster K. Fowler and others The initial frequency of the M2 chromosome, p ! , varied from 0.000 086 to 0.0028 (geometric mean 0.000 76). The correlation of log( p ! ) between replicates was 0.70 (P l 0.01), implying that p ! varied significantly between lines, as a consequence of the wild-type chromosome present (see, for example, line 12, figure  1 c) . This variation may reflect differences in initial population size between the lines : lines tended to have an initial frequency inversely proportional to the estimated fitness of M1\j(best fit p ! l 0.0021(W TM"/+ \W TM"/TM# ) −!.*% , r l 0.40 ; P l 0.11). This explanation demands large population numbers : 40 M2\jflies were put in, implying (40\(2i0.000 76)) $ 26 000 individuals in each cage. This estimate is reasonable in view of counts of around 4000 adults in a cage (Latter & Mulley 1995) , since the larval and pupal populations, from which the introduced M2 chromosome is initially absent, contribute to population size.
There was a strong correlation between the effects of each j chromosome in the M1\j and in the M2\jgenotype on fitness ( figure 2 a) . Full analysis is complicated by the fact that sampling errors in estimates of the fitnesses of M1\j and M2\j within each replicate are correlated with each other, because both are measured relative to the frequency of M1\ M2 in that replicate. Since M1\ M2 is relatively unfit, both the initial increase of M2, and the final decline of M1, depend primarily on the ratio W TM#/+ \W TM"/+ which can therefore be more accurately estimated than can the fitnesses of either of these two relative to the standard genotype M1\ M2. This entanglement of the fitness estimates for M1\j and M2\j makes it hard to find the extent to which the effects of the j chromosome are consistent across the two genotypes, and hence to estimate the underlying additive variance of fitness, after subtraction of measurement error.
We deal with this statistical difficulty by treating the pair of estimates of log e (fitness) as a vector, and assuming that this vector is the sum of two normallydistributed components : a measurement error with variance-covariance matrix , and the underlying effect of the j chromosomes, with variance-covariance matrix V. Denote the two genotypes M1\j, M2\j by the indices 1, 2 respectively. Then, V "" is the true variance between lines of log e (W TM"/+ ), V "# is the true covariance between log e (W TM"/+ ) and log e (W TM#/+ ), and V ## is the true variance of log e (W TM#/+ ). If all variation in log e (fitness) were additive, the effects of the j chromosome would be the same against each balancer, and so
On the other hand, if fitness effects varied independently across balancer genotypes, then V "# l 0. Thus, hypotheses about the degree of additivity of log e (fitness) reduce to hypotheses about the structure of the covariance matrix V. Throughout, however, we make no assumptions about the structure of the error covariance matrix, .
Because we have excluded cage 12 A, this is an unbalanced data set ; estimates of V and therefore have to be found numerically by maximum likelihood. The log e (likelihoods) associated with the various hypotheses are given in table 2. The gain in log likelihood by assuming some additive variance is 1.73 with 1 d.f. ; allowing a further interaction variance gives a gain of only 0.75 with 2 d.f. If one assumes the presence of interaction variance, then the gain in log e (likelihood) by allowing additive variance is 1.75 with 1 d.f. If one uses the result that log e (likelihoods) are asymptotically distributed as (1\2)χ#, then there is no evidence of interaction variance, and marginal evidence of additive variance. However, since this result is only accurate for large samples, we have used a randomization test to see whether the additive and non-additive components of variation in log e (fitness) are significant.
The maximum likelihood estimate of the additive variance in log e (fitness) is V a l 0.175, regardless of whether or not non-additive variation is included (table 2) . We have generated the distribution of the estimator V a using simulated data. This was generated for the 11 pairs of replicates, plus one unreplicated line, in two ways : first, by generating simulated data assuming no underlying variance at all (V l 0; hypothesis 1), and then estimating V a on the assumption that there is no interaction variance (hypothesis 2) ; second, by generating data with only interaction variance (V "# l 0 ; hypothesis 3), and then Table 2 . omparison of h potheses on the consistenc of j effects against the t o balancer chromosomes M2\jfrequency is plotted on a logit scale. (Line 12 is excluded from the plot because it does not span the same range of frequencies as the other 11 lines.) Deviations are calculated as the difference in arcsin transformed frequency. In both graphs, the overall mean is shown as a heavy line.
estimating V a on the assumption that there is indeed interaction variance (hypothesis 4). In each case, the data were generated using the appropriate m.l.e. for the error variance, . Using the first method (i.e. 1 versus 2) gave 22\1000 l 2.2 % with V a greater than the observed value of 0.1756. The second method (3 versus 4), allowing for an interaction effect, gave 50\1000 l 5 % significance. The latter test is necessarily less powerful because the presence of interaction variance across lines can generate spurious estimates of additive variance.
As a test of whether there is any significant variation between lines, we followed the geometric mean fitness, averaged across the two balancer genotypes. None of 2000 replicates gave variance estimates of V greater than the observed 0.1751. Therefore, P 0.15 %. By this test, there is highly significant variation between lines. The randomization tests described above indicate a marginally significant additive component to this variance. In every cage, deviations from the fitted model were significantly greater than expected from sampling error ; the log e (likelihood) averaged k497.50, which is 5.8 times greater than the value of 173\2 expected with 173 d.f. Figure 3 a shows the residual deviations in the arcsin transformed frequency of M2\j superimposed for all 24 cages, and plotted against time ( M1\j behaved in essentially the same way). There is clearly a deviation which occurs simultaneously in all cages. This could be due to common environmental perturbations which impose differential selection on the three genotypes. Alternatively, it might be due to a systematic deviation from the model. In order to distinguish these possibilities, we aligned the residual deviations by the predicted genotype frequency instead of by time. No systematic deviation is then apparent ( figure 3 b) , indicating that deviations are caused by factors which act at the same time, rather than at the same genotype frequency. One possibility is that the fluctuations reflect differences in genotype frequency between age classes. These would be expected to fluctuate over a timescale of a few generations, which is consistent with the pattern of figure 3 a. Such disequilibrium across ages would settle down from the time when the M2 chromosome was introduced, rather than from the time when the invading chromosome reached appreciable frequency, and so would be consistent with the lack of overall deviation seen in figure 3 b. The alternatives could be tested decisively by comparing replicate invasions of the same chromosome run simultaneously and sequentially.
Residuals peculiar to each cage can be examined by subtracting the overall mean residual. Figure 4 gives examples of these corrected residuals, for lines 5, 10 and 12, aligned by time (figures 4 a-c respectively) . Replicates appear to fluctuate together, indicating effects associated with different wild-type chromosomes. The similarity between replicates is striking, but is hard to test statistically because successive samples are not independent. Figure 5 shows how the correlation between replicates, across the 12 lines, changes through time. The correlation is generally positive, particularly in the middle of the experiment, when chromosome frequencies are intermediate, and sampling error should be lowest. Table 3 shows the mean correlation Variation in fitness in Drosophila melanogaster K. Fowler and others over the whole 300 days ; the average over the two genotypes is r l 0.167 (t "" l 2.17, P l 2.7 %), suggesting a similarity between fluctuations in different cages carrying the same j chromosome. Aligning by genotype frequency gives a similar, though slightly weaker, pattern (table 3) . The most plausible (indeed, the only) explanation that comes to mind is a genotypeienvironment interaction : that is, environmental fluctuations (for example, due to changes in food, temperature, or population density) impose different selection on different j chromosomes. 
DISCUSSION
We have demonstrated significant variation in heterozygous effects of different wild-type chromosomes on net fitness. The consistency of effects of different wild-type chromosomes in combination with the two balancers suggests that the effects we have measured are additive, and do not rely on interaction effects with the balancers. Because we have examined the effects of whole third chromosomes, it is possible that epistatic interactions between the loci on each chromosome contribute to their effects on net fitness. This possibility should be tested, and this system of measurement would allow such a test. A previous study (Charlesworth & Charlesworth 1975 ) has detected significant costs to female fecundity of recombination within a chromosome in this species, suggesting that such intra-chromosomal epistatic fitness effects can occur. Although they may not contribute to long-term evolutionary change, they could be important for mate choice, since any genetic effect on fitness that is not completely destroyed between one generation and the next can contribute to the success of offspring of a mating.
We measured the relative fitness effect of each wildtype chromosome by the geometric mean of M1\j and M2\j fitnesses for that line, divided by the overall geometric mean. The values span a range from 0.40 to 1.70 with a between-line variance of 0.10. This value is corrected for error variance estimated from the difference between replicates. Using an additive scale makes little difference since for these data the variance in fitness, standardized relative to the arithmetic mean, is 0.06. These figures should be regarded as provisional, given the small sample size of 12 chromosomes, and the observed distribution of fitness effects, with three chromosomes of extreme effect contributing most of the variation in fitness. A larger sample of chromosomes should be examined to obtain a more reliable distribution of effects. In addition, the analysis could be extended to chromosomes that do not happen to be carrying a recessive lethal.
Since we estimate the effect on fitness of one chromosome out of two, the above values correspond to half the genotypic variance in fitness associated with the third chromosome. The third chromosome contains 44 % of the total number of polytene bands in Drosophila (Charlesworth et al. 1992) , and so extrapolating to the whole diploid genome gives an estimated genotypic variance in net fitness of 0.45. Our estimate may reflect the value in nature if mutationselection balance is the main cause of standing genetic variance for net fitness, or may be lower than the value in nature if the intensity or variability of selection is reduced under laboratory conditions (Felsenstein 1976 ; Charlesworth 1987 ; Kondrashov & Houle 1994) . It is not clear if our estimate could be accounted for by mutation-selection balance alone, because previous estimates of mutational variance for traits such as morphology (e.g. Keightley et al. 1993) and viability (e.g. Mukai 1964 ; Mukai et al. 1972 ) may be much lower than the real values for net fitness, which have not been directly measured. Recent estimates suggest that mutational variance may be particularly high for fitness-related traits such as life history and male mating success (Rowe & Houle 1996) , perhaps because so many genes contribute to them, and there is a possibility that much of the high standing genetic variance for these traits can be accounted for by mutation-selection balance .
It will also be important to discover which fitness components contribute to additive genetic variance in net fitness, and the genetic correlations between different fitness components, including between the sexes. Our system can be used to examine the contributions of different fitness components, including male mating success, to net fitness, and hence to test the plausibility of good genes models of sexual selection and of theories of life history evolution.
